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seawater. Detection with on-column preconcentration is possible for con-
centrations down to 1 part per billion. There are hybrid methods that allow
separation of neutral solutes by interactions similar to liquid chromatogra-
phy. The power requirements for capillary zone electrophoresis are low, so
it could be used to drive flow injection analysis. The minimum cost of
these devices is $15,000 for commercial systems.

Flow Injection Analysis and Continuous Flow Analysis

Flow injection analysis (FIA) is a robust method for automating com-
plex chemical analyses (Ruzicka and Hansen, 1988). It is relatively simple
and can be adapted for use with a variety of detectors, including spectro-
photometers, fluorometers, mass spectrometers, and electrochemical analyz-
ers. It has been used on board ships to determine dissolved nutrients (Johnson
et al., 1985) and trace metals (Sakamoto-Arnold and Johnson, 1987; Elrod
et al., 1991). Unsegmented continuous flow analysis (CFA) systems based
on the principles of FIA can operate in situ over the entire range of depths
found in the ocean (Johnson et al., 1986a, 1989).

An FIA system consists of a pump, injection valve, manifold of capil-
lary tubing and a flow-through detector (Figure 4). The injection valve is
omitted from CFA systems. Chemical reagents are mixed continuously by
pumping them together with a carrier solution. The seawater sample is
periodically introduced into the carrier stream by the injection valve in FIA
or introduced continuously in CFA. The mixture then flows through the
detector. Typical analysis times range from 1 to 8 minutes for chemical
determinations in seawater. A variety of manipulations can be performed
with FIA systems. These include concentration with resin columns, solvent
extraction, dialysis, separation with membranes, and derivatization. FIA
systems are commercially available and are also easily constructed.

Flow injection analysis with chemiluminescence detection (FIA-CL) can
be used to determine a variety of metals in seawater, including cobalt,
copper, manganese, and iron, with detection limits in the picomolar concen-
tration range. These reactions typically involve the formation of a metal
complex with an organic ligand and oxidation of the complex. Reaction
products in the excited state decay by emitting a photon of light which can
be used to quantify the metal concentration. FIA-CL systems are capable of
achieving precision and accuracy similar to those obtained by graphite fur-
nace atomic absorption spectrophotometry systems.

A second advantage of FIA and CFA is their ability to operate underwa-
ter for extended periods of time (Johnson et al., 1986b). It is often desir-
able to obtain high resolution profiles of dissolved chemicals to examine
their spatial and temporal variability. CFA systems have been used to mea-
sure spatial variability in nutrient distributions in the upper ocean (Johnson